Solar cells convert sun light into electricity, but have the major drawbacks of high initial cost, low photo-conversion efficiency and intermittency. The current-voltage characteristics of the solar cells depend on solar insolation level and temperature, which lead to the variation of the maximum power point (MPP). Herein, to improve photovoltaic (PV) system efficiency, and increase the lifetime of the battery, a microcontroller-based battery charge controller with maximum power point tracker (MPPT) is designed for harvesting the maximum power available from the PV system under given insolation and temperature conditions. Among different MPPT techniques, perturb and observe (P&O) technique gives excellent results and thus is used. This work involves the design of MPPT charge controller using DC/DC buck converter and microcontroller. A prototype MPPT charge controller is tested with a 200 W PV panel and lead acid battery. The results show that the designed MPPT controller improves the efficiency of the PV panel when compared to conventional charge controllers.
Introduction
Solar energy is one of the most important renewable energy resources because it is inexhaustible and eco-friendly, and has been used to provide light, heat and electricity [1, 2] . Solar PV modules have two major problems of low efficiency and intermittency, i.e. their efficiency of converting sun light into electric power is generally less than 17%, and the generated electric power changes with weather conditions [3] [4] [5] . Moreover, PV cell characteristics (I-V or V-P) are nonlinear and changes with insolation and temperature. In stand-alone solar PV systems, the PV modules and batteries are the most expensive components. When the batteries are directly connected to the PV modules, there is no protection against overcharging and consequently, battery life-span decreases. To protect batteries from overcharging charge controllers can be used, though conventional charge controllers do not operate PV modules at MPP, resulting in lower efficiency. To improve the efficiency, it is desirable to operate the PV module at peak power point to deliver maximum power to the batteries.
MPPT techniques are used to extract the maximum output power from PV modules [6] [7] [8] [9] [10] , and different DC/ DC converter topologies are used to transfer maximum power from PV modules to loads/ batteries [11, 12] . Different techniques of MPPT have been proposed, e.g. open circuit voltage methods [13, 14] , short circuit current methods [15, 16] , fuzzy logic technique [17, 18] , perturb and observe (P&O) [19] [20] [21] , incremental conductance (IC) technique [22] [23] [24] .
In this work, a MPPT charge controller based on the P&O technique is designed, to operate a fixed PV module at MPP. The hardware implementation of the designed 200 W MPPT charge controller is carried out and the prototype is tested for the PV charging system. The results show that such type of MPPT controller improves the efficiency of PV panels when compared to conventional charge controllers.
Case description
The renewable energy sources, especially solar cells are attracting the interests of researchers worldwide due to their direct conversion of light into electricity. However, the high-cost, low photo-conversion efficiency and intermittency are still need to be addressed. The case study involves the design of MPPT charge controller using DC/ DC buck converter and microcontroller. A prototype MPPT charge controller is tested with a 200W PV panel and lead acid battery. The as-designed MPPT controller improves the efficiency of the PV panel when compared to conventional charge controllers.
Discussion and Evaluation

Photovoltaic system
In PV panels, PV cells convert sunlight into electrical energy, which is one of the best approaches for achieving electrical power for long duration. The conversion from sun light to electrical power greatly depends on various factors such as the insolation level and cell efficiency. Solar PV systems are used today in many applications such as lighting, battery charging, water pumping, and satellite power systems etc. [25] .
PV cell equivalent circuit
An ideal PV cell can be presented by a current source with a diode connected in parallel. In the ideal case, the series and shunt resistances are considered to be zero and infinite, respectively. However, in real system, both the series and shunt resistances have finite values and must be considered. In Fig. 1 , both the ideal and practical equivalent circuits of a solar cell are shown. From Fig. 1b the generated current (I) by the PV cell is given by
Where V T is the thermal voltage, R s and R sh represent the internal series and parallel resistances, respectively. I sc is the short-circuit current, I o is the reverse saturation current, V D is the voltage across the diode, I is the current output and n is the ideality factor of the diode (1~2).
A simplified model after neglecting the shunt resistance is shown in Fig. 1a , and accordingly the following equation can be derived.
PV cell output voltage can be found by considering
3.3 PV cell I-V curve PV cells have nonlinear I-V characteristic, which change with irradiation level and temperature. For standard temperature (25°C) and irradiation level (1000 W/m 2 ), the I-V curve of a PV cell is shown in Fig. 2 , where the maximum power point is always at the knee of the curve as indicated. 
Block diagrams of the proposed system with MPPT charge controller
An off-grid PV system usually consists of PV modules and batteries, which are connected through charge controllers. To improve system efficiency, an MPPT charge controller has been introduced as shown in the block diagram in Fig. 3 . The MPPT charge controller is connected between the PV module and battery to extract maximum power from the PV module and deliver to the battery.
DC/DC converter
DC/DC converters convert one level of DC voltage to another. In the designed project, a buck DC/DC converter is used which step down the voltage and step up the current. The basic components used in the converter are a power semiconductor switch (M 1 ), an inductor (L), a diode (D) and a capacitor (C) as shown in Fig. 4 . A buck DC/DC converter has two operation modes associated to switch M 1 being closed and opened, respectively. When the switch M 1 is closed at time t = 0, the input power is supplied to the load through inductor L. At that time the diode is reverse biased, and I L current increases at the rate of:
During this period inductor L is charging. At time t = t 1 , switch M1 opens and the energy stored in the inductor is delivered to the load through diode D which becomes forward biased. The inductor is now discharging and I L decreases at the rate of.
The diode remains in forward biased until M1 switch is closed. During one switching cycle, the average inductor voltage v L is zero under steady state. Since there are two states of v L , both having constant voltage, the average value of the output voltage is given by
Hence,
Duty cycle (D) is given as:
For continuous conduction mode, the required minimum value of inductance can be expressed as: The capacitor value can be calculated considering the output ripple voltage as
Where i o is the output current, f PWM is the switching frequency and ΔV is the output voltage ripple.
Maximum power point tracking
To harvest maximum power from the PV panel a charge controller with MPPT capability is proposed in this paper. 
Another most common indirect MPPT technique is the open circuit voltage (OV) method. In this method, it is assumed that:
Where k is a constant and its value for crystalline silicon is usually to be around 0.7 to 0.8. This technique is simple and is easier to implement compared to other techniques. However the constant k is just an approximation Leading to reduced efficiency, and each time the system needs to find the new open circuit voltage (V out ) when the illumination condition changes. To find the new open circuit voltage, each time the load connected to the PV module must be disconnected causing power loss. Direct MPPT methods measure the current and voltage or power and thus are more accurate and have faster response than the indirect methods. Perturb and observe (P&O) is one of the direct MPPT techniques, which is used here with some modifications.
Perturb and observe algorithm (P&O)
Typically, P&O method is used for tracking the MPP. In this technique, a minor perturbation is introduced to, cause the power variation of the PV module. The PV output power is periodically measured and compared with the previous power. If the output power increases, the same process is continued otherwise perturbation is reversed. In this algorithm perturbation is provided to the PV module or the array voltage. The PV module voltage is increased or decreased to check whether the power is increased or decreased. When an increase in voltage leads to an increase in power, this means the operating point of the PV module is on the left of the MPP [26] . Hence further perturbation is required towards the right to reach MPP. Conversely, if an increase in voltage leads to a decrease in power, this means the operating point of the PV module is on the right of the MPP and hence further perturbation towards the left is required to reach MPP. The flow chart of the adopted P&O algorithm for the charge controller is given in Fig. 5 . When the MPPT charge controller is connected between the PV module and battery, it measures the PV and battery voltages. After measuring the battery voltage, it determines whether the battery is fully charged or not. If the battery is fully charged (12.6 V at the battery terminal) it stops charging to prevent battery over charging. If the battery is not fully charged, it starts charging by activating the DC/DC converter. The microcontroller will then calculate the existing power P new at the output by measuring the voltage and current, and compare this calculated power to the previous measured power P old . If P new is greater than P old , the PWM duty cycle is increased to extract maximum power from the PV panel. If P new is less than P old , the duty cycle is reduced to ensure the system to move back to the previous maximum power. This MPPT algorithm is simple, easy to implement, and low cost with high accuracy [26] [27] [28] .
MPPT charge controller hardware
The proposed MPPT charge controller is designed using the Altium Designer software, an electronic design automation for printed circuit board (PCB), field -programmable gate array (FPGA) and embedded software design. The picture of the designed hardware shown in Fig. 6 .
The developed MPPT charge controller is connected between a PV module and battery following the specifications given in Table 1 . In the first observation, the output power of the PV module and the MPPT controller are calculated. The measured output voltage and current of the MPPT controller are shown in Fig. 7 , and the output power for the PV module and the MPPT controller are 86.05 W and 79.69 W, respectively.
During the tests, the weather was partially cloudy and the output of the PV module varied. The output power of the MPPT controller mainly depends on the PWM duty cycle, which is shown in Fig. 8 .
Two types of experimental testing were performed. Conventional PWM charge controller was connected to one panel and the MPPT charge controller was connected to the other panel with the same specifications. To check the behavior of the controllers at different weather conditions and irradiance levels, three results of input and output power were from 2 pm to 3:30 pm at 
30 min interval as listed in Table 2 . The efficiencies shown in Table 2 were determined according to the measured input and output power. As shown in Table 2 , compared to the conventional charge controller, the developed MPPT charge controller significantly improve efficiency for each of the test time. These results prove that maximum power is harvested from the PV module by using the MPPT charge controller. When the battery is fully charged (12.6 V), the MPPT charge controller still provide low current (5 mA) to avoid self-discharge of the battery. Hence, the overall efficiency is improved by using the MPPT charge controller. These results are also depicted in Figs. 9 and 10.
Conclusion
To harvest maximum power from a PV module, MPPT based on modified P&O algorithm is implemented in this paper. The hardware consists of a high efficiency DC/DC buck converter and a microcontroller based MPPT controller, and is tested for battery charging. A conventional charge controller and the designed charge controller are compared when charging a 12 V battery from a 200 W solar PV module. It shows that the modified P&O algorithm provides an efficient and reliable maximum power tracking performance under rapid change in irradiance and temperature conditions. The experimental results show that the proposed system is more efficient than the conventional design. 
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